± 



EWLETT- PACKARD JOURNAL 

TECHNICAL INFORMATION FROM THE -hp- LABORATORIES 



ORP ORATE OFFICES ' 1501 PAGE MILL ROAD • PALO ALTO. CALIFORNIA 943 4 • VOL. 17, NO, 4 DECEMBER. 1965 



N-TYPE 



METAL 



ELECTRONS » 



CONDUCTION 



VALENCE 



COVER: ENERGY DIA 



e 



FREE ELECTRON ENERGY LEVEL 






USING HOT CARRIER DIODES AS DETECTORS, P. 2 

NOTE ON HOT CARRIER DIODES, P. 3 

USING HOT CARRIER DIODES AS MIXERS, P. 6 



©uopr. 1949-1998 Hewlett-Packard uo. 



■ 



USING THE HOT CARRIER DIODE AS A DETECTOR 



w, 



i he resp] t t id conventions J de- 
\ ices, hot i ,u i ii i diodes w\ dete< toi ap 
plication haw several advantages 

Having low* i noise and beuei vn- 

^imi effic iency, the) are more sensitive, 
especial)) foi tow sit tin frequency op- 
eration. Lou reverse leakage curreni 
and ne.n \\ ideal diode characteristics 
permii precise analytic circuit design 
and provide wider dynamic range.! ni 
formic} and stability insure the repro 
ducibiiit) and longevity ol ii(<uii per- 
formance, i hese electrical advai 
apply in the R! spectrum extending 
well beyond S-band and, For some ap- 
plications, beyond X -band; Moreover, 
then ele< trii a) and mechanical rugged 
ncssf enhance theii desirabilit) insitua- 
tiuns requiring high [performance and 
long tiCe in severe environments. 

In dete< i'n applications there are 
several ( i itei i.i to be d >n$idered: 

j J j Sensitivity, comprising; 

(a) conversion (re< tificarion) 

rlfii itrn j 

(b) bandwidth (Rl and video) 

(c) dynamic resistance 

(d) noise properties 
Squari law range 

j .> i Bui i ii mi energy 

It linis been industry practice to 
mt asure rathei than analyze and evalu- 
ate sensitivity, specifying only a par- 
lit uJar Ntt of measurement conditions, 
Willi the ideality <>l .1 Schottfc-y barrier 
tliodej however, i Ii i ^ experimental 
.ippMMfli is unnecessary, because pea 
forma nee tmdei any conditions can be 
precisely evaluated and optimized ana- 
lytic ally, as di^t ussetl in this artn It-. 

SENSITIVITY 

t lonsidei firsi ilu t oni ei sion effi- 



Siope i 
-. — 



THE HOT CARRIER DIODE AS 

AN ULTRA-FAST DETECTOR, 
MIXER, AND SWITCH 

The 'hot carrier' diode is a new semi- 
conductor rectifying device that offers a 
number of advantages over p-n junctrons 
or point contact diodes. Compared to p-n 
junctions the hot carrier diode has a much 
higher frequency capability; compared to 
point contact diodes it has improved elec- 
trical performance and mechanical rug- 
gedness. It is also important because it 
has a nearly ideal diode characteristic; 
consequently its conversion efficiency m 
mixer applications is higher than other 
diodes. Other important properties in 
elude a low noise and a large square law 
range. 



The metal -on-semiconductor concepts 
on which the hot earner diode js based 
extend back several decades to the work 
of Schottky, although these concepts were 
not pursued until recently because of 
technological limitations. Development 
work has now been carried out in the light 
of present technology by hp associates, 
-hp-'s division concerned with semicon- 
ductor research, development and manu- 
facturing. A result of this has been that 
hot carrier diodes have been produced by 
hpa for the last year, the first such diodes 
commercially available. 

The articles by hpa engineers in this 
issue describe the advances in detector 
and mixer performance possible with 
these diodes. These articles are corufen 
sations of original articles, reprints of 
which are available on request. 



i inn n of a diode. Conversion Hi it tcnc) 
t ,ni be expressed * as) 
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where ,« = — j^] 

and K. = parasitic series return i ol 
diode. 

DYNAMIC RESISTANCE 

I I \*. \ . r J i h ( ii k i an be adjusted 
witli bias curreni \u i ording to the rela- 
tion: 

R n — — =dynamn resistance (£) 
" of S* hntikv barrier, 

Vh hough the adjustability of R, ; ts rial 
unique to hoi i <m ier diodes, the use ol 
1 >i.i^ curreni in <itlsei devices yields .i 

* The egressions given ti«re without proof are developed in 
the author's ungual unabridged article: copies a^iljble 
on request 



niniljnr.ii relationship unci ini rodtn es 
high levels of liic kei noise. 

RF BANDWIDTH 

In equation I . the se< ond Fai to] 
describes ihe Rl" frequenq response, 
where I, h the RF rut or! frequency. 
Since Sr hiii i k\ barriei lifetime is negli- 
gible, the cu tort frequency can be ana- 

]\ I U ,ilh r'\|Jl CSSCi I .is: 



■■!■' 



fc = 



4 



i + 



R 



where c .- = & hottk,} bai i tei 
i apacitance 



(3) 
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Kip. 1. RF cutoff fn?qiirnc\ of diode <-nncrt sinn rffi- 

ciency and variation o/ Svhottky borrier capacitance 

ratio uith diode bias current. 



I i ■/ fh'trsifv f\f r<dt7tirt' n<ti$t> pmtwr t or 

rature ratio") for tit and p»ini 

contact device*. 
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HOT CARRIER DIODES 

Hot carrier devices are distinguished 
from the more conventional semiconductor 
devices in that the junction consists of a 
metal and a semiconductor rather than two 
different semiconductors. The junction m 
hot carrier diodes is made to be rectifying 
instead of ohmic through choice of mate- 
rials with suitably related work functions. In 
the diodes thus formed H current flow occurs 
mainly by means of majority carriers (usu- 
ally electrons m practice rather than holes 
because of the higher mobility of efec 
Irons). When the diode is forward biased, 
the majority carriers are injected into the 
metal at a much higher energy level than 
the metal's existing free electrons — hence 
the name "hot carrier" diodes. 

A qualitative description of the operation 
of the hot carrier diode in comparison with 
the operation of a p-n junction can be given 
in terms of the accompanying energy level 
diagrams, 

In the p-n junction it will be recalled that 
holes are injected from the p to the n side 
and exist there as minority carriers. Simi- 
larly, electrons are injected from the n to 
the p. Although the existence of these mi- 
nority carriers is necessary for current to 



REVERSE 6 

flow, their presence becomes troublesome 
when it >s desirable to obtain a rapid re 

sponse in junction conditions to a change 
or reversal of the bias. If the polarity of the 
bias is reversed, for example, current will 
flow easily in the reverse direction until the 
minority carrier density is reduced either 
by removal or recombination. The flow of 
reverse current lowers rectification effi- 
ciency if the diode is used as a detector or 
increases the reverse recovery time if the 
diode is used as a switch. The time con- 
stant for the reduction of the minority car 
rfef density is the lifetime. Much work has 
been done to minimize lifetimes, but 
shorter lifetimes are usually obtained at a 
sacrifice of other desirable qualities. 

In the hot carrier diode there exists at 
the semiconductor-to-nieta! interface an 
energy barrier known as the Schottky bar- 
rier which occurs because of the difference 
in the work functions of the two materials. 
This barrier is decreased by a forward bias 
and increased by a reverse bias; hence, the 
barrier results in a rectifying diode. In the 
forward bias condition the majority carriers 
(electrons) are injected from the semicon- 
ductor into the metal where they initially 
have an energy level substantially above 
the metal's free electrons In the metal the 
hot electrons give up their excess energy in 




a remarkably short time— about 100 femto- 
seconds (femtosecond = 10 '"■ second) 
after which they become part of the sea of 
free electrons in the metaL 

The electron flow from semiconductor to 
metal occurs with virtually no flow of 
minority carriers in the reverse direction. 
Consequently, the response to a change in 
bias in the hot carrier diode is much faster 
than p-n junctions. Even the slowest hot 
Carrier diodes have lifetimes of less than 
two hundred picoseconds, while the faster 
ones have lifetimes too short to be pres- 
ently measurable. In addition, the low mi 
nority earner density means that there is 
less stored charge in the junction. This, in 
turn, reduces the drive requirements when 
the diode is operated as a switch. 

Hot carrier diodes have a larger area con- 
tact with larger capacitance than point con 
tact diodes, but they also have the ability 
to handle greater power and are less sensi- 
tive to current transients than point con 
tacts, They are atso mechanically more 
stable and have more nearly ideal and re- 
producible electrical characteristics, 

Hot earner diodes are produced by hpa 
as epitaxial silicon devices usmg metals on 
n type silicon. The construction of the hpa 
hot carrier diode is shown in the diagram. 



and ( ! = bai i ten i ejkh nam e ai 

/c-m lii;is. 

Although the variation ol < .,, vvirh bins 
i hi be expressed analytw ally, the rela 
itonship fs more cast!) seen in curve 
iniiii, as given in Fig, I, with tin- R\ 
i in oil frequency. Id is cutofl 1 1 r 
i|in iu \ w 1th ilk i ill ulafolc low lie 
■ 1 1 1< r 1 1 ■■, t'ai lor, tlr-s« i [hrs tin- conversion 
clht itin j ,n ,m\ frequem j and hi. is 
level 

DIODE NOISE 

Perhaps the mosi outstanding fea 
etui- oi ihc -hpa- hoi carrier di<»«l< h 
lis low noise. I he noise property ol ;>n\ 
two-terminal device is convenient!) 
represented as the ratio ol its available 
noise powei <<» thermal noise power. 
] ]|js ratio is often called (though some 
what erroneously) ibe twist tent pern 
ture ratio, V. 



.Unliable Noise Pmvoi 



,1, 



" \ I k 1 r (Video Bandwidth) 

Jti situations where the presence ol 
lliikri' noise is significant, it is ex- 



pressed as 'i comjxntcni oi the noise 
k'iripri .ii ure i -i 1 1' '. Jin i < nxling mi he re- 
lation whh fi m.iv be i ailed eithei 
■\|n't 1 1 .il noise powei densii \ \ auo** or 
"s[j<>[ noise temj »ei -i i Lire"*; 

B J u i \ -t s Spot \<>isr 

tenipei atui i 

B = Video Bandwidth 
i . = Fixed ( cnnponeni 

| s = \ i| - I 'H I If J 

I In ii, integi 1 1 in- 1 , equation (5) ovei a 
band gives the noise temperature nil to 
fo) thai band, B = I. -1 ,: 



I 



i 



U= t*+ TT hi T~ 



„. 



In terms ol these definitions the noise 

propi i lies ol the -hpa 2350 series ho* 
carriei diodes arc arialy/ahle, i is i\ 
constant, Vfhlh I varies joint!) as th< 
hj L ,s . in \< in iccording to live relation: 

is = K \, l7 
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\V\i applying definitions (5) arid (6) 
',', e have i J ■ f full ih s< i ipiiou pi the 
1 1" ix. property: 

l (.8) 



i(l) = i„ + 



kj i 



I ii i fir -hpa- 2350 M't it's: 

t = M - M 

K - I s | .n ] ]/ pei I. ,iiii| j 

I — Bias t torrent 

V plot ot equation (8) for bias curt ents 
oi 27 namp and S€MJ ^amp is given in 
l i. _'. I hese t in ves were i onstrtu ted 
us-iiij^ .i^' 1 ag< \;ilivcs q\ the t oiastants 
l a :i ii<l Kv From ;i numbej ol diodes, 
rather than averaging ilu- it.n.i and 
,h.i'.v in-, i ii r\ i > to in. I'he i loseness ol 
the in is therefore .i check i >n i !te \t 
I iiln \ ol eijtiation (8) and ;i tesi iino.rt) 
to iln untCotinit) "I iIm diode noise 
pi operties. 
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FiR. :>. Lou frequency tangential sensitivity of hot <<sj 

rier diode detector vs. bias current for various equiv 

nlrnt noise resistances. 



Fig, 4. Variation of tangential sensitivity frequency re 
■ correction factor vs. bias current foi tyi 
hpa 2350 series diodes. 



Fig, L' also shows, for comparison, 
the noise properties, under the same 
conditions, oi tow-noise [mini contact 
devices* With noise corners " to / or- 
*{* m o) magnitude highei than th 
hoi i.miii diodes, the) would intro- 
duce signiftcani flickei noise even in 
alaiih broad bandwidth. In j 10MHz 
bandwidth, however, the flickei noise 
contribution would be negligible. [\ h 
foi this reason thai the 10 MM/ "stand- 
ard" sensiiivit) specification band- 
width i* meaningless with respect to 
applications involving video bands be- 
low I MM/. 

SYSTEM NOISE 

J Ik hii,<] noise in .1 dcte* toi system 
can In- expressed as an equlvalci.11 noise 
current »i the input, being ilu- vectoi 
sinn ol diode noise current and equiv 

aleni ampliliri iK»j\r < unciii: 



erties combine to describe sensitivity, 
Pandemia] signal sensitivity, I 1 ,,,. is 
the Rl< power level ;u whh h the signal 
to noise ratio is approximately 2.5, and 
since the conversion effi< iem 5 describes 
ilu" signal i m rent, 



2.5= ~ = 



A p t 



(li) 



Rearranging the expression .mil sub- 

si i 1 ut m^ 1 1 1 l 1 . i\ es* 

9 Ti 



r r S s — 



5 u 



(12) 



1 + 



R 



I + 



10 



rrequent \ 

Gorre< tion 
Factoi 



k - J is 

V 



amp. diode 

For the -hpa- 2?*.™ series the diode 
component ma) In call u la ted; 



diode 



Ik IB 

R. + R, 



(Mil 



i f: isdefined in equatioi 
I he amplifier component i an be meas- 
ured 01 calculated from specifications, 
Conversion efiu ienc) and noise prop 



\ & tailed analysis* oi P T3¥B0 yields the 
results presented in Fig, 3 as a Fun< tion 
"I bias 1 tifrem, i ■ >■ the ampliJier con- 
ditions dt .'v 1 1 1 m d, \01icr thai IV-, 
im reascs Foi in< reasing bus cui rem 
while the Frequency correction factor, 
Fig, [, decreases. This means Hun at a 
particular RF Frequem 5 there exists 
an optimum bias < ttrrent. ft can be 
shown* thai this' opt tmum o< « uts w hen 
the /<■ /v of p^g matches the 

negative doj ff o\ the Frequency factor. 
In Fig, 5 these slope* are plotted *<> the 



Fig. 5. Pfol 0/ s/opefl 
of tow-frequency tan- 
gential signal sensUiv 
ity and of frequency 
response correction 

factor for typical hpo 

2350 series diodes* 

Slope intersection de- 
fines optimum value of 
bias /, for given op- 
erating fre q ti e n c y f 
and equivalent noise 
n Bistan 
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i 1 6 Upper limit of square-law detection 

range an a function of oias current for n 

given square-taw error, $, 

intersect ions occur at the optimum bi.is 
Foi 1 particular :ini]jliiiri and a par 
ticular RF frequency, while the ordi- 
nate * ale ticsi 1 ibes tlie sensith itj p n 
j 1 1 \ foi deviation from optimum bias. 
I fie 1 lji vi v Figs. ">. I, iind a. pve 
values tEiiet il\ for a MM) kj 1/ band- 
width, Foi which lii* kn imi>e ran be 
ignored Hie expression in Fig. a Foi 
R ,. takes aceouni oi ftickei noise 

SQUARE-LAW RANGE 

Vnother design consideration is that 
ol square-law range, The lower limit 
oi the >quare law range i^ Pf8« i'i.^ *' 
and 1 1 while the uppei limit isgiven in 
Fig^. 6 as ;i function o| bi;is current, 
Ordinarily, the bias currettl for broad 
square- law will he ninth highei than 
ibai b»t 1 <jii imum r.- \ designee may 
therefore seek « eompromise, unless 
Mpj,iu-I:ru range takes precedent^ in 
whii h case (be law* $t bias rurreni uiv- 
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L 10 

Fig, 8. Measured frequency response of typical hpa 2350 

series diodes for tangential signal poa er P . Measured ut 

27 iiA bias with 10 5 If? video bandwidth. 
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Fi£. 9. Same us Wi& S except measurements made at bias current of 

300 >>A r Figs, s and v demonstrate clasi correspondence of the 

t measured performance t*> theoretical perforate 



tng the required square-law range 
should in- * hosen. 

\r a scle< ted bias i urrent, the [re- 
queue) response uill always haVe Hi'- 
same sha[K.\ \ norma Ji/ed frequency 
response curve is given in Fig* 7. Using 
ihi^ shape and values oi P lss and I, 

<i i ] ; igs. 1 , :«, and J. the i urves ol 
Figs. H atu'l *f were constt m in! I < > r i onv 
pa risen with measured values. Devia- 
tions are i ibuted to losses in i lining 

.nitl mriiMM ttiH nt errors. Diodes i ■■■' n 
selected ju represeni the spread <>l 
hpa 235i) mi ies rhanu tei istic s. 



HOT CARRIER DIODE CHARACTERISTICS 



NEW STANDARD BROADCAST 
FREQUENCY OFFSET FOR 1966 

For the past two years, the frequencies 
of most standards broadcast stations have 
been offset —150 parts in 10 with respect 
to national frequency standards to enable 
the broadcast 1 -second time intervals to 
approximate the 1 second intervals of the 
UT2 time scale. Because of an trnpercep 
tible slowing of the earth's rotation, the 
UT2 second is lengthening. Hence, the 
offset for 1966, determined by the Bureau 
International de I'Heure. under the Interna 
tional Astronomical Unrort, .will be —300 
parts in 10*, Accordingly, the frequencies 
of National Bureau of Standards HF sta 
tions WWV and WWVH and VLF station 
WWVL will be offset by this amount from 
the United States Frequency Standard dur- 
ing 1966. 

The carrier frequency of NBS standard 
broadcast radio station WWVB will not be 
changed since it is maintained without off 
set from its nominal value of 60 kHz with 
respect to the U. S. Frequency Standard. 



TIME PULSE ADJUSTMENTS 
In accordance with the policy of mam 
tainmg the time pulses emitted by WWVB 
within 100 ms of the UT2 time scale, the 
phase of the WWVB time pulses is to be re 
tarded 200 ms on Dec, 1. 1965, at 0000 
hours UT (7:00 pm EST Nov. 30). The 
phases of time pulses from WWV and 
WWVH will not be changed on Dec. 1, 1965. 

1 "Atomic Time Adopted for WWVB/' Hewlett-Pack- 
ard Journal, Vol 16, No. 6, Feb.. 1965. 



hp* 


--MS No>yj Figure 
NaiK Figure Match 
WF.« .VNF 
(dB) <d&) 


IF Impedance 

(uhiri?.) 


IF Impedance 

Miifch Rf IrnpeddrKiF 

M , EVSWR) 
(ohm*) 


PjcHafft 


Rtrmarfc* 




7 






J '■ 


|i>iM 




;'3'ii 


f 




tsa 


25 


15 


Mln G 


■ i.J Pan 






— 




— 


j s 


i trti 


?}$* 






1 50-200 


25 


I s 


trtd^B 


M nl crted Pair 


;?.JtiS 




— 


150 


— 


13 


Mm Q 




2366 
2367 


6 5 


— 


150- 


— 


Id 










J s 


Mm 1 


. 


■ 








13 




■ TjMFC 


2374 7 






25 


1.5 


Mm. GIjm 


:.■.,! • , , ,... , i 



Fir .ill rliQdtt flfeQW.R - 0.25pF 

* Far NFtest. RF =t 2 OH*. IF = 30 MH/ I OrtM = I BrflW 



Although their tnixti and detector 
applications have been presented in 
ihi.nl. this sImhiIiI ih>i l>c interpreted 
to mean thai these are the <>ni\ fruitful 
areas of application For ln»t carriei 
diodes. Is high-speed switches, hoi cai 
rter diodes offej the posstbilit) of gain- 
ing an ordei oi magnitude in su in king 
stpeed, Furthermore, tin- tow level ol 
miiTorit) carrier densh) reduces the 
i\t tve requirements. In the area of high- 
speed switching, ;» discussion *A their 
characteristics in specific types of 
switching applications is beyond the 
scope of this article. Suffice ii io vi\ 
thai theii i harac teristic •> o( leakage and 
breakdown voltage are comparable t*, 
th.li of available high speed I 1 \ jinn 
lion iU \ ic esj 
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originals are obtainable on request 
from hp associates, 620 Page Will 
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USING THE HOT CARRIER DIODE AS A MICROWAVE MIXER 



SIGNAL Pi - "T" I F PCI?! 




Plotted! in J- ig 2 are < ith ttlated 
i ui \ es i'H image u i roinatioii desig- 
nated as L . L„ L , ami I- - foi the 
typical -hpo- 235€ hoi rftiriei diode. 



1 J if I . i ondition Is i loseh related to 
1 si nte both are broadband conditions 



5, Shot noise (the main contributor to the 
noise temperature ratio at higher if fre 
quencies) is lower This is believed to be 
due to the reduced diffusion of minority 
carriers. At a 30 MHz (Mc/s) i f r the 
measured noise temperature ratio is less 
than 1.0 and typically 09. 

6, The burn out energy is higher than that 
of the point contact when designed to with the image and signal al the saint' 
operate at the same frequency, impedance. For I- the LO powei k 

Vi K . L Beprewntation Oi mixm m &pm 7- The characteristics of the hot carrier diode m;mhn | foi mimTmmi V MVR whereas 
linear network. are more reproducible in production and 

In high trequeiw 5 mixi i apptica* 
tions iht hoi carrier diode is ainai tive 
to designers be* ause it 1ms a number <»l 
advantage v ovei \ he p u contai l di- 
ode usuall) used, r < n example; 

I. The IV characteristic relationship of the 



have tighter specifications and higher re- [ - ll:,s ,lu " stgraal-image matched lor 



liability than the point contact because minimum conversion In^s. Ilu - < 1 1 1 U i 
of the planar surface barrier utilizing ep 
taxfal silicon technology. 



MIXER CONVERSION LOSS AND 
NOiSE FIGURE 

I Ins pa| h r is i ■ nit erned with the use 

"I i In hoi i .11 1 iei diode in nih rowave 

hot carrier diode is more nearly that of a mixing applications, mixing being de- 



perfect diode. The diode equation 



/ -9-V \ 



\$ ideal when n = 1. The value of n foi 
hot carrier diodes is less than 1,08, where 
as the lowest value of n for the point con 
tact is rareiy less than 1.3. The more 
nearly ideal the diode IV relationship (the 
lower the n), the greater the conversion 
efficiency at the barrier at any specified 
local oscillator drive 
2 The hot carrier diode is almost a perfect 
majority carrier device Its upper fre 
quency limit is not dependent on minority 
carriers, In switching applications the 
diode's switching speed is not limited by 



hiifil an the Frequency conversion »>i 
translation <»l .1 signal from its micro 

Wave hrqmiuv Ki .\ lowei IF h< 

quern y. In the process <*! mixing then 
are a loss ui signal and an im rcase oi 
noise, fhese two important factors are 
discussed in the following- This dis 
Mission is then concluded uitli .1 sec- 
tion gh im- measured data on the hoi 
1 ,ii 1 it r diode as ,« mfxi 1 . 

MIXER CONVERSION LOSS 

I lu three poi 1 Uneai ncrum X 1 1- 
1 .1 usually ttsed in represent .1 mn i<> 
wave mixei can be reduced to a two 



minority-carrier storage effects. 

3, The higher breakdown voltage of the hot port linear network In n 1 iijju.h jii- tin 
carrier diode (> 15 volts] allows for 
higher local oscillator drive with little m 



crease in overall noise figure. This means 
that the dynamic range can be increased 
and the intermodulation distortion de 
creased with little loss of signal sensitivity 
4. The flicker or J/f noise is lower by more 
than 30 dB. making the diode ideal as a 
lero i-f doppler radar mixer. The reduc- 
tion in 1/f noise is due to the surface 
treatment between the metal to semicon- 
ductor junction and the simple planar 
geometry of the junction. 






Image port I lu- image port can be 
arbitrarily terminated in am imped- 
ance, Inn (lit three mosi Importanl 
possibilities are where the image is ter- 
minated (a) in a shoi 1 t in uii. 1 b) al 
the same impedance ;iv the signal, and 
1 1 in ,ui open ( in uii. I hese three tun 
die inns ui image termination wiH be 
referred to as !.,, L , and L following 
1 1 \i ii' ii-i I inn ol I mi 1 1 \ and \\ hirnin . ' 



s. to li Bad. Ub., Vol 15, bf h 
Hi hnii. 



em i- in * conversion loss between I ,.. and 
I is slight, j^s ini.iii ated on the ^ra] »h 
>ii Fig. 2, 

I lu- ri|im aleiii i in nil >>l ihe simple 
iiiixri is shown in Vlg. $, 

I he conversion l<^s nlotteil in Fig. 2 

is die N'ss resulting li ht bai 1 iei 

a<lmtttance matrix (con.version effv 
1 k m j i and does nm lake inn> consid 
eration Uit toss due in the diodes 
t iinc-iiiN ,n Liin parasitic elements. The 
schema u\ diagram oi the raixei diode 
in shown in Fig. I im hides I r ( . K 
and ( , which form ilu* parasitic < ]< - 
meats, J lit barrier admittance matrix 
isg(t). 

I In m 1 Ms nnliH 1. in. e I and the 
shinii nt|Micilance « **\ tht- park. 
* ai 11 Idgc oJ iht diode < an often be in- 
rorporated into thr microwave filters 
or man hin'g t in nits ol the mtxei I hi 
package denvents plug the <:, harriei 
capacitance and R series resistance an 
ilit b fa< r<us thai liniii iln- bandy idth 
oi the mixer, rite elements 1. and 
G p arc tin- package [imitations 6ti th< 
mixei ]ki Foi iiiuu e. These Hmttai ions 
i .ui. <>i 1 onrsCn be redui ed bj selei 1 ing 
i 11 1 1 itlgi s 1 F1.1i have Km- \ .ilnrs oi 1 
and ( 

l lu fundamenta] limitation on the 
tonversiori toss is ihe scries resistance 
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Ftp, -1. Schemath diagram of hot carriei 
diode* 

(spreading resistance) .md the barriei 
capacitance. Phe 'product of R am[C, 



available powei in the range ol LO to 

I'M m\V. 1 lie < all ulaied minimum loss 

ol powei to the barrier of this diode is 
approximately LO cIBat 2A\ i .11/ I he 
K (anil hence tlie toss) i hanges *[uuh 
with LO drive because ol the sell bias 
oi flu 4 diode, rhe self-bias voltage 
developed across Hie series resistance 
tends io oppose the de< tease in barriei 



depends on the electrinil pro^rties oi resistance as rh< LO drive powei is 



the seniiconUuf toi metal ai the junc- 
tion, the ji 'ruin \w ol the jum lion and 
the barriei voltage, Phe R*C, V produci 
has been reduced in the hoi carriei 
diode l>\ the geomel n oi i fie tin la] ti • 
semicondtu tor interface ami the use ol 
,i thin epitaxial semu ondiu toi layei 
( omid< i i he i>:n kage elements as 



increased, \n the LO drive decreases, 

the ban it i < jjt.u itauce induces the sig 
tial at th( [mi i iei admittance, I he 
same de< rease ol signal oc< urs uhh in 
creating drive due- io ih<- series resist 
jmii'. The conversion loss due to the 
I j, 1 1 1 ier admittance deceases monoton 
tea lb with increasing' LO tit ive, wliii h 



pari oi the impedance Matching net b shown b} the curve ol L calculate* 



work .ind R and C,, as pari ol ;m Rt. 
i -ii twork in i lit- >i^nal ]><>i r 1 he loss ( >i 
signal to the dy nam i< barriei conduct- 
ance tan then be calculated. I he elh 
* ienn oj conversion ol Hie barrio 
conductance is assumed to be un- 
changed l iv ilit- R(; network ol V'w. t . 5 
l he rum oi powei delivered m the 
barriei signal resistance R, tr> the 
available signal powei is noted in 
Equation 1 1 ) 

r ] 



]+,,C R + R R 



(1) 



where P, = power to the barriei resisi 
ance R, 
P„ = available powei signal 

The 1 loss ol powei to the barriei re- 
sistatK e t an be < omputed as a hnu tion 
nl R,_ for a given diode, I he calcula- 
tion ol R is difficult because ol the 



in Pig, (i. However, the ploi <d the 
measured value 1. contains a i ombina- 
tion effeci ol <Ik- barriei conversion 
efficiency and the parasitic loss. The 
third curve is the measured Noise Fig^ 
ure and was \\u luded to show thai the 
noise temperal ure rai io is also a slowly- 
increasing function ol LO <hi\t I his 
Noise Figure is slightl) greater than 
the im rease due to the conversion !<>>> 
and ii noise figure. 

II the diode is operated at low fre- 
quencies (UHFor lowei | the parasitii 
losses i in be minimized b\ using lowei 
LO drive, However, even with imped 
ance-matching ol ther-fand i-i signals, 
the conversion lnss would increase 
when i he poini is reached where the 
i Iri rease iit parasil h loss is matched b\ 
the decrease in conversion efficiency, 
Hence the minimum conversion loss i 
dways ;i compromise bietween parasiiu 



problem of rinding the U > voltage losses and conversion efficiency <>l ■' tht 
waveform across the barrier. I he mini 

immi loss for equation I can be found 
and occurs when R,,, = I ./V and is 
given in Equation 

U- l + - ( R ■-'■ 



Minimum loss !'<»» the hpa 2a5n 
Hi»i Carrier Diode occurs at hi LO 



barrier. 

MIXER NOISE FIGURE 

The noise figure rating l^ probably 
die mosi Importam specilication on 
the nii\t i diode. Phe noise figure is 
the ratio ol actual mixei output avail- 
able noise power within ihr i I band^ 
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Ki^ r (i Conversion loss 
( L ) a n d n o is e ft# u r e 
(NF ) for typical hpa 
2350 series diaries is. LO 
available pou ei , = 2 
GHz, IF - 30 MIf: 




Fig. 5. f*< ttetu off: including parasitic rir- 
menta oj hot , ej i let diode. 

'•-, 'iilih to the thermal powei within ihr 
viinr' if bandwidth. For the mixer 
diode i!ii^ i ;n to is equal to the i pnyei 
nimm \ds\ ratio times the noise tempera- 
■ ii . ii io, 

I In noise figure hum often listed on 
the data sheet is a rcceivei noise figure. 
This [s .i measurement taken with an 
i I amplifu i i ha i simulates an ■ 
l>ioulbanil receiver tioise figure meas- 
urement, I his noise figure, \ i r^ 
i i i- > i . is ttotet! in die following equa 
tion: 

\r. = i„ ,, + \r ; , - i, 

L., is the broadband conversion 
loss (rai iui in* hiding tlie loss 
<Ilh in the parasitic elements, 

L is i!u' noise teni|>ei"ature i a 

no 

\ J- . is the noise figure rai i f » 
ol Nh ri amplifiei . 

The definition of receivei noise fig 
ure as su miliar ixed in blqual ion 

more comtjlicated than ii serins. Khis 
is because lire noise temperature ratio 
I, isnnt iTidependenr ol the conversion 
loss ;ts noted in Kt|tiation I foi the 
In oadh;ind i ase. 



-r :, + t- 



w 



i is .im .ivi i tge noise temperature ob- 
tained h\ averaging the instantaneous 

- G. C. Mfsstfifei *nd C T. WcCfljr, Theory ^mi Opcrjtion of 

Cnpifil DJtJO^S 39 MijcerS. Pr&c. IBE, Sept., 1957, p. 1269. 
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Fifj- T, Duiible-exposute oaviUogmm rcm- 
t v characteristics of typical hpa 
2350 series diode and point contact diode. 
Hnf ait tier diode has steeper forward 
Curve and higher reverse resist tin re. For 
forward curves, vertical — 'JO mA/tlir. 
Horizontal = 0,2 V/div; for reverse, ver- 
tical - JO Vfdw. horizontal = 10 ^A/div. 
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FREQUENCY «&k) 

Fig. 8 Noise figurv f \ 7 F > u#. frequency 
[or typical hpa 2350 series diode. Broad- 
band I test conditions with LO — t m\\\ 
IV - 30MHz t NF it = Ifxlli. 

noise li'MM the i rystal ■> the LO voltage 
varies ov< i .« cycle. II the LO voltage 
source Is also noisy, this adds io7 In 
balanced mixers the LO noise can Ik 
great I5 reduced !>\ cancelling 1 r > h 
niques I he value ol if goes to ' .■ in the 

Nltlil when th< n -I 1 isOftl) sIlOl Hoist 

Vi in t-l mI .'i \f|]/,i ( h.is been tn> 
iired as low .\s n.s wiih I„, ~ 1, which 
calculates n> ;i 1 = iui. 11k- reason 
for 1 lie low value of T and hence t, for 
the lux carrier diode is the hi^h bleak 
down voltage in the back direction, 
I he noise generated when the LO voll 
age swings in the l>;n k voltage du • 
nun is negligible even under high l<> 
drive. I he 1 \ i urvesoi the hoi carrier 
diode and .1 poiiii contact diode are 
shown in Yiir, 7. In Fig, 7. the bai k 
voltage breakdown i> shown. 1 he bark 
iiiiii.ni resulting from ihi> breakdown 

is extl'emcl) noiw ; lull! i'. when f fir L< ) 

voltage swings into this region, t Is 
11K 1 iK reased. If the conversion be- 
comes ideal 1 L = L'j. there is no tossol 
signal within the mixer; the signal 
power is completely converted to the 
1 I ,uu1 image, this means thai noise 
cannot be added hi the conversion 
process because conversion is rumtlis 
sipating. Hence as the conversion cih 
(itiu\ goes to unity t becomes less im- 
portant* In practical mixers where die 

TABLE I 
ELECTRICAL CHARACTERISTICS OF THE HPA Z-350 



Rf Input 

2.0 GHi 



■ f Output 

30 MHi 



Test Frequency 

Maximum Typical 

Recerww Nfli» Fi^ur* (NF,)" 1 cJB ma* 6S<IB 

CufJvtffiJOfi Lnsi \\ ) 5 5dSrHa« LiOdB 

Noise temper 

IF ImpF ISO to 250 ohms 175 ohtni 

RF Impedance- iVSWR) 15, II 



Burnout 

01 All tests i 
i tO trailabl 



■ 



IT 

Inirmint 



s. Tht ffKOci 

fo jn (twill 



L I tto ivi i tXMse tempera tun 

ratio great!) affet rs t, and thus tlu- 
overall noise figure <»l the mixei 

MEASUREMENTS OF THE HOT CARRIER 
DIODE AS A MICROWAVE MIXER 

I Ik hor i artier diode U similar n> 
iljf point contact diode in theory and 
operation. Hence, the measurements 
"i ' harat teri/ation of the diode are i he 
sameas h>i the point contact diode and 
any departures will be noted in this 
mi rion. Icm procedures and theory oi 

mrasmt inrni Oi microwave OBiXI h ,in 

well tit i< umentcd, 

I hi' hi sr md simplest measure mem 
fs the IV curve oi the diode* Fig. 7 
shows ifu curves lor the hot carrier 
diode hpa- 2850 and ;i Lypical point 
tontatt dtotle The highei breakdown 
voltage and the greater noniinearit) 
in the Forward <lit* < tion oi the hoi car- 
rier diode as compared to tin- poani 
contact diode ^ rental, 

Microwave mixei diodes are tested 
in holders whit h b& ome ,n\ important 
i onsidenttion in the measurement, in 
ordei to assure a st^tndardtzation, pi i 
ii\.n\ standard mike] holders are spec- 
ified In the Armed Services Electro^ 
Standard Agency. ^The purpose of these 
holders is to assure thai th< diodes are 
tested under i!u> same condition of 
in '' termination, I fu image is na- 
iihn.iiicl fen broadband L A conditions. 
1 he -fcpcf- 2350 is in a miniature glass 
package, whi. h requires a diiferent pri- 
mary statidard holder. Such a coaxial 
holder has been designed and built to 
tesi -hpa- hot carriei diodes. Iln 
brfder, -hpa- H(lt>\, is adjnsted foj 
broadband L. conditions, Microwave 
tests performed on the diode in this 
holdei .lit eqnivakm to point conta* I 
diode tests tn the [ \\ primar) t« si 
holder. The n>t ol m ~hpo- primar) 
n si holdei is the on!) major departure 
Jiom Mil ,-s TD-T-.n, |< ^ procedures 
ttsed in evalti iting ire lisittl in mm 
S I I) 7'«<i in St< lion lion. 

Besides th< tests Listed in M n. S I 1 1 
. "•" measufi mi m^. as shown in Figs. 
8, '* and \M h.t\< also been made to 

assist In application eng -i \ng> li^. s 

is ;i plot oi \«pim Figure i\l ) \v fre- 
quen< y. The LO available powei 
LOmW li^. !> is i pioi oi Noise Figure 

\ I m i\ 111. I Mr.- LO |"iUr. I I I M - 

plot is ol panic ail. n interest to receivei 
desijrners because ol the efleel ol hi'jfi 
l.O ili i\e. rhe dftti&mu rang) ol i hi 
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V\m. *' Noise four* vis. LOai uUahh power 
for a typical hpa 2360 series diode, Flnmti- 
hamt I . // = W \!I[ NF n = /,> <ill 

mixer tan he increased one or two 
orders ol magnitude with little tn- 
crease in rtoise figure. This points out 
the low internal noise generation oi 
the hot carriei diode untlei hi^li L( ) 
drive. 

i i^im' Mi is ,i plni t^l i-i impedance 
\%. I.u available power. The imped- 
ance is almosi pure!) resistive because 
the n 'a taw <> oi the parasitii elements 
are negligible I be low-noise i-i ampli- 
fiers ,ue also sensitive With lespeif to 

source impedance. Care should N 
given to matching the mi\<i\ il im- 
pedaiice to the tnpui impedance oi the 
i i ampliftei to obtain ihe lowesi over- 
all noise 1 1 LT 1 1 1 c. 

CONCLUSIONS 

The hoi carriei diodes make excel- 
km mixers is shown h\ the measure 
incinsui these diodes presented in this 
article. The theory and operation «»i 
the lioi t an iei diodes are similar to the 
point contact diodes. I'he diodes are, 

however, i lire* ih Lnti n h ingeable, 

l be parasitii elements, main!) the bar- 
t n i capa) ir;inie, are different, thus ie- 
quiring differem operating conditions 

ol LO diive and impedance levels. 

Improvements in cartridge design, 
reductions in the series resistance and 
the barriei eapai itance are resulting in 
high pi 'i [qi iNJine hot i ai > ier mixei 
diodes uiifi frequenc) iitnitations to 
above \ -Hand. 
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Fig. 10. IF impedance vs. LO otaihhle 
for typical hpa 23 diode 

it -30Mmj =2.0 GHz, broadband U 
teat conditions, 
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